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Abstract
This thesis is mainly concerned with development of theoretical and computational techniques for efficient computation of atomic and molecular properties in quantum chemistry using multi-reference coupled-cluster (MRCC) theories. The necessity and importance of multi-reference theories for proper treatment of electron correlation in low-lying quasi-degenerate states of atoms and molecules has been well recognized. Among a host of multi-reference theories that have been developed so far, MRCC theories, in one form or the other, stand out due to several important theoretical features they possess.1-2 The single-reference coupled-cluster (SRCC) theory is one of the most accurate and widely used electronic structure methods for studying ground state structure, properties, spectroscopy and dynamics of closed-shell molecules around equilibrium geometry3-5. Apart from a high-level treatment of electron-correlation, the most attractive feature of SRCC is its in-built size-extensivity and size-consistency property.1-2,4 It is the failure of SRCC to properly describe electron correlation in general quasi-degenerate situations such as potential energy surfaces at bond-breaking/bond-making regions, open-shell atomic states and low-lying excited states of molecules, that has led to MRCC theories.1-2 Among the MRCC theories formulated so far, the ones based on effective Hamiltonian defined over a small model space are theoretically well-understood. One important feature of this class of MRCC theories is that the energies and wave-functions of a manifold of strongly interacting quasi-degenerate states approximately described by the chosen model space are simultaneously obtained by constructing and diagonalizing an effective Hamiltonian within the model space.6-7 Two effective Hamiltonian based MRCC theories have emerged as standard, namely, the valence-universal MRCC (VUMRCC) and the state-universal MRCC (SUMRCC).1-2,8,9 Both differ in the nature of ansatz they use for the wave-operator, and hence are suitable for different types of situations. One disadvantage suffered by SRCC in its earlier days when its routine applications were initiated in chemistry was the difficulty in analytic computation of molecular energy gradients and hessians, molecular dipole moments and higher-order properties such as polarizability. The response approach for SRCC was formulated by Monkhorst10 to enable analytic computation of such properties. The SRCC was originally formulated in a non-stationary framework,3 and due to this it did not have the simplicities introduced by the generalized Hellmann-Feynman theorem and the -rule.11 As a result, the expression for a first-order property in SRCC depended explicitly on first-derivatives of cluster amplitudes with respect to the external perturbation, and it seemed to be necessary to calculate these cluster amplitude derivatives for all modes of perturbation.10,12 For first-order properties, this apparent impediment was overcome by Bartlett and coworkers13 using the idea of algebraic Z-vector method introduced by Handy and Schaefer14 in their analysis of analytic derivatives for the configuration interaction method. This and the subsequent developments by Bartlett and coworkers15 substantially facilitated efficient implementation of molecular energy gradients for SRCC, and significantly contributed to its success in quantum chemistry.5 Although pursued by Bartlett and coworkers,16 Z-vector type of approach turned out be tedious for higher-order properties such as hessians and polarizabilities. On the other hand, a conceptually different approach known as constrained variation approach, proposed by Jorgensen and coworkers,17 turned out to be useful. This approach involved recasting of standard SRCC theory in a stationary framework by introducing an extra set of de-excitation amplitudes. It was shown that this method includes the Z-vector method as a zeroth-order result and transparently extends its benefits to higher-order properties.17 With MRCC theories well established to describe general quasi-degenerate situations, studies of molecular properties using these theories are being pursued. A response approach suitable for effective Hamiltonian MRCC theories has been formulated by Pal.18 Its applications for the first-order molecular properties have been carried out in recent years to calculate dipole moments of open shell radicals and excited states of several molecules.19 The above developments do not include the Z-vector method. A constrained variation approach along the lines of Jorgensen and coworkers17 has been used by Szalay20 for a theoretical estimate of the relative cost of MRCC first-order property calculations as compared to SRCC calculations. An extension of various theoretical and computational developments in SRCC response approach which enabled it to be suitable for routine use has not been studied in detail for MRCC methods. A systematic study of the concepts and various issues involved in such an extension forms the subject matter of this thesis. These developments are expected to initiate routine applications of MRCC methods to study molecular properties of quasi-degenerate systems. The present thesis is organized as follows. The first chapter is a general introduction leading to the subject matter of the thesis. Here, a brief overview of some of the basic concepts and developments in quantum chemistry is presented. Different quantum chemical methods used for treatment of electron correlation are briefly described. Quasi-degenerate situations and their multi-reference treatments are highlighted. The response approach for computation of various atomic and molecular properties within quantum chemistry is discussed. Important developments for efficient evaluation of atomic and molecular properties using electron correlation methods, especially the SRCC and MRCC methods, are summarized. Finally, the objectives and scope of the thesis are defined. The second chapter is concerned with extension of the algebraic Z-vector method for the SUMRCC theory. Towards this end, with a brief description of developments in SUMRCC theory, the time-independent response approach is applied to obtain a theoretical framework for computation of molecular properties. An analysis of resulting first-order response equations reveals two distinct routes to extend SRCC Z-vector method for SUMRCC theory. Extension of other important concepts and ideas emerged during the development of efficient SRCC gradient methods, is also discussed In the third chapter, a state-dependent constrained variation approach for SUMRCC theory is proposed after a brief discussion on its use in SRCC. The proposed functional includes state-dependent Z-vector method of the second chapter as a zeroth-order result. Certain degree of freedom in choice of constrained variation functional is observed. This enables comparison of the proposed functional with the functional used by Szalay.20 The formalism is then applied, in conjunction with and rules, to obtain generic expressions for up to third-order molecular properties in SUMRCC theory. This highlights the advantages of state-dependent constrained variation approach for higher-order molecular properties. The fourth chapter reports a pilot application of complete model space based SUMRCC for computation of molecular properties using both finite-difference and analytic methods. The dipole moment surfaces of ground and three low-lying excited states of HF molecule at different inter-nuclear distances are obtained within double-zeta basis set using a complete model space consisting of highest occupied and lowest unoccupied molecular orbitals of proper symmetry. Behaviour of dipole moment surfaces for ionic as well open-shell dissociation channels is analyzed in terms of nature of dominating model space configurations. Attempts to progress to higher basis sets and to other simple hetero-nuclear diatomic molecules result in convergence difficulties due to poorer description of a state. Nature of this state is discussed and available approaches to solve convergence problems are outlined. The fifth chapter mainly deals with the use of constrained variation procedure to VUMRCC theories, thus extending the scope of application of MRCC response approach to higher-order properties of ionized, electron-attached, excited and several other states. In this context, a generalization constrained variation procedure to general incomplete model spaces is made. This is an essential development for higher-valence sectors of VUMRCC theory. The constrained variation procedure can similarly be generalized to incomplete model space based SUMRCC theories. In the fifth chapter, a brief review of essential elements of incomplete model space based MRCC theories is first presented. An analysis of structure of such MRCC theories reveals that the method used for obtaining Lagrange multiplier equations is somewhat different from the earlier approaches. Essential simplifications arising when effective Hamiltonian definition becomes explicit are discussed. The method is then applied to generate explicit generic expressions for up to third-order response properties in VUMRCC theory using one valence-hole, one valence-particle, and the one valence hole-particle Fock-space sector model spaces. Specific diagrammatic expressions for zeroth-order Lagrange multiplier equations for each of these sectors are also presented. The last chapter is an exploratory one in which we describe our incomplete attempts towards formulating a size-extensive stationary state-selective MRCC theory. A brief discussion on currently available single-reference coupled-cluster ansatz based stationary theories is carried out, highlighting various theoretical issues associated with them.17, 21 The relation between constrained variation approach for the standard SRCC and extended coupled-cluster (ECC) theory is outlined.21-22 When combined with the results of multi-reference constrained variation approach, this points towards a possible multi-reference generalization of ECC (MR-ECC) theory, as a size-extensive stationary state-specific MRCC theory. We identify a possible paradigm within which a possible MR-ECC formulation can be searched. This is followed by a discussion on recent state-selective or single-root theories, pointing out their basic features or ingredients. Based on constrained variation approach for SUMRCC theory and for a non-stationary state-selective MRCC theory recently proposed by Mukherjee and coworkers,23 two stationary state-selective MRCC theories are derived. The structure of these theories is discussed by analyzing their working equations. The possible theoretical problems, which need to be solved to reach a solution within the proposed paradigm, are outlined. References 1. D. Mukherjee, Pal, S. Adv. Quant. Chem. 20, 291 (1989) 2. J. Paldus, in Methods of Computational Molecular Physics, edited by S. Wilson, and G. H. F. Dierckson (NATO ASI Series B, Plenum, New York, 1992) 3. J. Cizek. Adv. Quant. Chem. 14, 35 (1969) 4. (a) R. J. Bartlett, Annu. Rev. Phys. Chem. 32, 359 (1981) (b) R. J. Bartlett, J. Phys. Chem. 93, 1697 (1989) 5. R. J. Bartlett in Modern electronic structure theory, edited by D. R. Yarkony (World Scientific, Singapore, 1995) p1047 6. P. Durand, and J. P. Malrieu, Adv. Chem. Phys. 67, 321 (1987) 7. V. Hurtubise, and K. F. Freed, Adv. Chem. Phys. 83, 465 (1993) 8. D. Mukherjee, and I. Lindgren, Phys. Rep. 151, 93 (1987) 9. B. Jezioroski, and H. J. Monkhorst, Phys. Rev. A24, 1668 (1982) 10. H. J. Monkhorst, Int. J. Quant. Chem. S11, 421 (1977) 11. S. T. Epstein, The Variation Principle in Quantum Chemistry, (Academic, New York, 1974) 12. P. Jorgensen, and J. Simons, Second quantization based methods in quantum chemistry, (Academic, New York, 1981) 13. R. J. Bartlett, in Geometrical Derivatives of Energy Surface and Molecular Properties, edited by P. Jorgensen and J. Simons (Reidel, Dordrecht,1986), p35 14. N. C. Handy and H. F. Schaefer III, J. Chem. Phys. 81, 5031 (1984) 15. (a) L. Adamowicz, W. D. Laidig, and R. J. Bartlett, Int. J. Quant. Chem. S18, 245 (1984) (b) G. Fitzgerald, R. J. Harrison, and R. J. Bartlett, J. Chem. Phys. 85, 5143 (1986) (c) E. A. Salter, G. W. Trucks, and R. J. Bartlett, J. Chem. Phys. 90, 1752 (1989) 16. E. A. Salter and R. J. Bartlett, J. Chem. Phys. 90, 1767 (1989) 17. (a) T. Helgaker and P. Jorgensen, Adv. Quant. Chem. 19, 183 (1988) (b) H. Koch, H. J. A. Jensen, P. Jorgensen, T. Helgaker, G. E. Scuseria, H. F. Schaefer III, J. Chem. Phys. 92, 4924 (1990) 18. (a) S. Pal, Phys. Rev. A39, 39 (1989) (b) S. Pal, Int. J. Quant. Chem. 41, 443 (1992) 19. (a) D. Ajitha and S. Pal, Phys. Rev. A56, 2658 (1997) (b) D. Ajitha, N. Vaval, and S. Pal, J. Chem. Phys. 110, 2316 (1999) (c) D. Ajitha and S. Pal, Chem. Phys. Lett. 309, 457 (1999) (d) ibid, J. Chem. Phys. 114, 3380 (2001) (e) N. Vaval and S. Pal, Chem. Phys. Lett. 300, 125 (1999) 20. P. G. Szalay, Int. J. Quant. Chem. 55, 151 (1994) 21. (a) S. Pal, Theor. Chim. Acta 62, 523 (1983) (b) N. Vaval, K. B. Ghose and S. Pal, J. Chem. Phys. 101, 4914 (c) N. Vaval, and S. Pal, Phys. Rev. A54, 250 (1996) (d) N. Vaval, A. B. Kumar, and S. Pal, Int. J. Mol. Sci. 2, 89 (2001) (e) N. Vaval, Chem. Phys. Lett. 318, 168 (2000) (f) P. U. Manohar, N. Vaval, and S. Pal, Chem. Phys. Lett. 387, 442 (2004) 22. J. Arponen, Ann. Phys. 151, 311 (1983) 23. U. S. Mahapatra, B. Datta, B. Bandopadhyay, and D. Mukherjee, Adv. Quant. Chem. 30, 163 (1998) 
  	 


